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THE THEORY OF THE STEAXDGREN C Y C L O G I R O *  

By C .  B. S t r a n d g r e n  

I N T R O D U C T I  0 Ig 

The g e n e r a l  c l a s s i f i c a t i o n  o f  a i r c r a f t  i s :  o r n i t h o p -  
t e r s ,  h e l i c o p t e r s ,  and  a i r p l a n e s .  

The " S t r a n d g r e n  wheel" be longs  t o  none of t h e s e  c a t e -  
g o r i e s .  I t  employs f o r  l i f t  and  p r o p u l s i o n  a l i k e  a pa , i r  
of p a d d l e  whee l s  w i t h  S l a d e s  r e v o l v i u g  011 a t r a n s v e r s e  
a x i s .  

S e v e r a l  a i r c r a f t ,  S a s e d  on a s imi l a r  p r i n c i p l e ,  have  
been  s t u d i e d  e l s e w h e r e ,  b u t  f o r  none t i l e  expe r imen t s  ap- 
p e a r  t o  have  been s o  e x t e l s i v e  as  f o r  t h i s  one. 

Each wheel  c o i i s i s t s  of a c e r t a i n  nu:nber of e q u i d i s -  
t a n t  b l a d e s  a r r a n g e d  a r o u n d  t h e  h o r i z o n t a l  a x i s  o f  r o t a -  
t i o n  and  p a r a l l e l  t o  t h i s  a x i s .  Each b l a d e  i s  f i x e d  s o  
as  t o  be a b l e  t o  f e a t h e r  about  a n  a x i s  p a r a l l e l  t o  i t s  
s p a n  a t  t h e  same t i m e  as  i t  t u r n s  a b o u t  t h e  g e n e r a l  a x i s  
of r o t a t i o n .  A system o f  c o n t r o l s  p e r m i t s  f e a t h e r i n g  o r  
change o f  i n c i d e n c e  of t h e  blades t o  conform t o  t h e  Ce- 
s i r e d  e f f e c t :  h o v e r i n g ,  l i f t  and  p r o p u l s i o n  combined, 
g l i d i n g  d e s c e n t ,  v e r t i c a l  descen t  i n  a u t o r o t a t i o n ,  e t c .  
Moreover,  a d i f f e r e n t i a l  c o n t r o l  o f  t h e  wheels  i n s u r e s  a a y  
d e s i r e d  e v o l u t i o n  o f  t h e  a i r c r a f t  a b o u t  i t s  c e n t e r  o f  g rav-  
i t y .  

The S t r a n d g r e n  f l y i n g  machine has no wings ,  no pro-  
p e l l e r  o r  c o n t r o l  s u r f a c e  o t h e r  t h a n  i t s  t w o  wheels  w i t h  
i t s  c o i l t r o l s .  I t  cer, f l y  v e r t i c a l l y ,  h o r i z o n t a l l y ,  f o r -  
ward o r  backward,  a n d  a t  any  speed  'between z e r o  and  a max- 
i m u m .  I t  has ,  l i k e  t l ie  a i r p l a n e ,  a x  e c o n o n i c a l  speed  rep- 
r e s e n t e d  by a c e r t a i n  r a t i o  be tneen  f o r w a r d  syeed  and  t 3 e  
s p e e d  o f  r o t a t i o n  of t h e  : l ades ,  but  i t  f l i e s  a t  any  o t h e r  
s p e e d  and  c a n ,  i n  p a r t i c u l a r ,  n o v e r  i n  t h e  a i r ,  

* " P r i n c i p e  e t  c a l c u l  des  roues  s u s t c n t a t r i c e s  e t  p ropu l -  
s i v e s  r a t i o n n e l l e s . l !  l ! A e r o p 3 i l e ,  J u l y  1 9 3 3 ,  pp. 208-215. 
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I t s  c o n t r o l l a b i l i t y  i s  incomparably  s u p e r i o r  t o  t h a t  
o f  an  a i r p l a n e ,  s i n c e  t h e  whole s u r f a c e  o f  t h e  b l a d e s  
d r i v e n  a t  h i g h  speed  s e r v o s  f o r  maneuvering. The iac i -  
dence  can,  i n  f a c t ,  be  changed i n s t a n t a n e o u s l y  w i t h o u t  mod- 
i f y i n g  t h e  p o s i t i o n  of  t h e  a i r c r a f t ,  which a l w a y s  remains  
t h e  same. 

Descent w i t h  e n g i n e  s t o p p e d  shou ld  n o t  p r e s e n t  any 
d i f f i c u l t y  - no more t h a n  l a n d i n g  - which can  be e f f e c t e d  
a t  any  i n c l i n a t i o n ,  i n c l u d i n g  t h e  v e r t i c a l .  

H e r e i n a f t e r  follows t h e  g e n e r a l  t h e o r y  o f  n h e e l s  mith 
b l a d e s  r o t a t i n g  abou t  a t r a n s v e r s e  a x i s  which,  we b e l i e v e ,  
i s  t n e  f i r s t  t i m e  that  t h i s  t h e o r y  has been made p u b l i c .  

Much v e r y  impor t an t  p r a c t i c a l  i n f o r m a t i o n  on r o t a t i s g  
n i n g s  o f  t h e  c a t e g o r y  o f  l i f t i n g  n h e e l s  has been  o b t a i n e d  
by t h e  au thor ,  t hanks  t o  t h e  numerous t e s t s  made a t  t h e  
I i i s t i t u t  Adro techn ique  de  S a i n t - C y r ,  by means o f  d i f f e r e n t  
srna1l;scale models  c o n s t r u c t e d  n i t h  t h e  c o o p e r a t i o n  of  
t h e  O f f i c e  N z t i o n a l  d e s  I n v e n t i o n s  e t  de l a  S o c i 6 t 6  "L'Ex- 
p a n s i o n  Franco-ScandinaveIt  r e l a t i o n s .  

Fol lowing  t h e s e  s y s t e m a t i c  e x p e r i m e n t s ,  t h e  L i o r b  and  
O l i v i e r  a i r p l a n e  company has b u i l t  a f u l l - s c a l e  model, 

The o b j e c t  o f  t h i s  p a p e r  i s  n o t  t o  d i s s e ' m i n a t e  the,  
t h e o r e t i c a l  a s p e c t  aild g e n e r a l  p r i n c i p l e  o f  t h e  whee l s ,  
and  p a r t i c u l a r l y ,  t h e  r e s u l t s  of t h e s e  e x p e r i m e n t s ,  but 'bo 
show how t h e  l i f t  and  t h e  propuls ionW.0 o b t a i n e d .  

The problem i s  gove rned  by a r igo rous  k i n e m a t i c  con- 
d i t i o n  which eve ry  r o t a t i n g  'wing o f  t h i s  t y p e  s h o u l d  sat- 
i s f y ,  

I n  a whee l ,  each  b l a d e  d e s c r i b e s  a c u r v e  i n  t h e  a i r ,  
a n d  one s a y s  that  t h i s  c u r v e  i s  a more o r  l e s s  a b r i d g e d  
c y c l o i d ,  a c c o r d i n g  t o  t h e  r e l a t i v e  s p e e d  of  t h e  a i r c r a f t  
v i t h  r e s p e c t  t o  t h e  f l u i d .  The Izinomatic  r e p r e s e n t a t i o n  
o f  t h e  motion o f  t h e  b l a d e s  w i t h  r e s p e c t  t o  t h e  f l u i d  is 
o b t a i n e d  by making a c i r c l e  ( r o t o r )  r o l l  on a s t r a i g h t  
l i n e  ( d i r e c t r i x ) . ,  and one knows . t hee  that the  normal9 t o .  
t h o  b l ade  t r a j e c t o r i e s  u t  a g i v e n  i n s t a n t ,  all p a s s  through 
t h e  p o i n t  o f  c o n t a c t  o f  t h e  r o t o r  w i t h  t h e  d i r e c t r i x  which ,  
by d e f i n i t i o n ,  i s  t h e  i n s t a n t a n e o u s  c e n t e r  o f  r o t a t i o n .  

. 
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The n o r m a l , , t o  each  b l a d e  s h o u l d  form wit11 t h e  n o r m a l  
t o  t h e  t r a j e c t o r y  o f  t h i s  b lade”6n a n g l e  . w h i c h .  i s  t h e  a;?- 
g l e  of  i n c i d e n c e  of t h e  b l a d e  ( f i g .  1). 

Now, what s h o u l d  t h e s e  a n g l e s  of ’.fn‘cidenc.e be a l o n g  
t h e  t r a j e c t o r y ,  s o  t h a t  a mean r e s a l t a n t  o f  d e s i r e d  mag- 
n i t u d e  and  . d i r e c t i o n  can  be produced on a ” b l a d e ?  Th i s  i s  
what we s h a l l  a t t e m p t  t o  e s t a b l i s h  by a n a l y k i s .  

The f a c t  t h a t  t h e  t r a j e c t o r y  of  t h e  b l a d e  r e l a t i v e  t o  
t h e  a i r  - s e t t i n g  a s i d e  i r r e g u l a r i t i e s  o f  t h e  mind - i s  a 
c y c l o i d ,  which s e t s  up t h e  fundamenta l  k i n e m a t i c  cond i t io -n  
t o  v l i ich  t h e  a u g u l a r  n o t i o n  of t h i s  b l a d e  i s  s u b j e c t e d .  

The c i r c l e  of rad ius  R and  of c e n t e r  o r e p r e s e a t  
a n h e e l .  S e v e r a l  b l a d e s  ( n )  a r e  assulnedly d i . sposod  011 
i t s  p e r i p h e r y .  One b l a d e  o r  a i r f o i l  i n  t h e  i l l u s t r a t i o n  
i s  f i g u r e d  v i t h  a x i s  o f  a r t i c u l a t i o n  i n  ol. A11 b l a d e s  
have  i d e n t i c a l  m o t i o n  alzd t he  ae rodynamic  r e s u l t a n t  of each  
b l a d e  i s  t h e  same i n  d i r e c t i o n  sild n a g n i t u d e ,  s o  t h a t  i t  
s u f f i c e s  t o  d i s c u s s  o n l y  one b l a d e .  

Under t h e  e f f e c t  of t h e  f o r c e s  which t h e s e  b l a d e s  
p r o d u c e ,  we assume t h a t  t h e  wheel f l i e s  a t  a speed  V,. 
On accoun t  o f  d i s t u r b a n c e s “ o f  t i ie a i r  a d j a c e n t  t o  t h e  
wheel  t h e  rr ,ean.speed of a i r  V p a s s i n g  a c r o s s  t h e  wheel ,  
i s  n o r e  o r  l e s s  d i f f e r e a t  f r o m  VI, a c c o r d i n g  t o  t h e  c z s e .  
Wien t h e  a i r c r a f t  i s  i n  h o r i z o n t a l  f l f g h t  a t  h i g h  s p e e d ,  
V d i f f e r s  l i t t l e  I r o m  V 1 ,  b u t  i n  h o v e r i r - g ,  V I ,  wliich 
i s  t h e  speed  o f  t 3 e  a i r c r a f t  i s ,  by d e f i n i t i o n ,  z e r o ,  
n i l e r eas  V - t 3 e  domaward speed of &he  a i r  a J d  t r a v e r s i a g  
t l ie  w h e e l  - h a s  a r e l a t i v e l y  g r e a t  v a l u e .  Spoed V may 
b o  d e f i n e d  as  t l ie  Ilzass of a i r  (14) p a s s i n g  t h r o u g h  t h e  
n l i ee l  p e r  second:  

rvllcrein p = d e n s i t y ,  and  S = p r o j e c t e d  s u r f a c e  of a c ~ l -  
i:ider fornied by t 3 e  whee l ,  o r ,  i n  o t k e r  mords,  i t s  d i a n o t -  
r i c a l  . a r e a .  

X O W ,  i n  o r d e r  t o  s t u d y  and a n a l y z e  t h e  aerodynamic 
r e a c t i o n s  on a wheel ,  may we a p p l y  t o  each  b l z d e  t h e  con- 
v e n t i o n a l  l i f t  ( e z )  and drag (C,) c o e f f i c i e i i t s ?  Our 
e x 2 e r i m e n t s  p r o v e  t h a t  w e  Cai1. T h e o r e t i c a l l y ,  me i g c o r e  
nliat t h e y  r e v e a l .  

.. , .  

, . . ,  . .  
. .  ‘ r :  . . . .  . . .  . .  

! . .  . . . .  . 
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T n e ' o n l y  d i f f i c u l t y  lies i n  t k e  f a c t  that  t h e  a-ir 
s p e e d  on a wing changes con t ' i nuons ly  a l o n g  w i t h  t h e  s l o p e  
o f  t h e  t r a j e c t o r y .  Fo r  t h e  c a s e  o f  c o n s t a n t  speed  and  
s l o $ e ,  C a r a f o l i "  has shown tha t  t h e  aerodynamic  c o e f f i -  
c t e n t s  o'bkainod i n  r e c t i l i n e a r  s t r e a u ,  can be employed. 

T o  f o r m  t h e  r e s u l t a n t  of t h e  a i r  l o a d s  oa a wheel ,  
o a e  n a y  e i t h e r  add  v o c t o r i a l l y  t h e  f o r c e s  o n  each  b l a d e ,  
t L e  v e r t i c a l  component s u p p l y i a g  ' t h o  l i f t  and  t h e  h o r i -  
zontal. cornpoliolit t h e  f o r w a r d  s p e e d ,  o r  e l s e  compute by i:y,- 

t e g r a t i o n  t h e  meal f o r c e  a p p l i e d  a t  a b l a d e  d u r i n g  one 
t u r h  o f  t h e  mheel. We p r e f e r r e d  t h e  l a t t e r ,  

The f o r c e s  on a blade a r e :  

s W a  c, 
2 

normal  t o  t r a j e c t o r y  

s W" cX t a i i g o i l t i a l  t o  11 
2 

s = area o f  ,blade..,a:id FV = a e r o d y n a n i c  s ? e c d  whick ,  of 
course ,  . i s  t a n g e n t i a l  t o  t h e  t r a j e c t o r y .  By p r o j e c t i n g  
t l i e s e  for.ces f , i r s t  '011 a n  a x i s  n o r s a l  t.0 t h e n  on ail 
a x i s  p a r a l l e l  t o  V ,  we o b t a i n  t h e  riean f o r c e  on one  
b'lade duri i lg  o i i c  t u r n  of t h e  wh'eel: 

V, 

. .  . .  

T o  f i n d  t h e  f o r c e s  on a l l  b l a d e s ,  we m u l t i p l y  t h e s e  
q u a : i t i t i e s  by t h e  aunber 0.f b l a d e s  (11) o r ,  which i s  t l i e  
same, c o x s i d c r  s as  t h e  t o t a l  a r e a  o f  t h e  b l a d e s .  

The fo rmula  o n  t k e  avorage is s a i d  t o  give, i n  gener-  
e l ,  d i f f e r e i i t  : *es i l l t s ,  a c c o r d i n g  t o  t h e  cliosen independeLit 
v a r i a b l d .  Tile r e s u l t  conforms t o  t h e  r e a l i t y  o b t a i n e d  
w i t h  c11 ind.ependont v a r i a b l e  p r o p o r t i o n a t e  t o  t h e  t ime.  
T:;o a : -g le  8 meets  t h i s  c o n d i t i o i l  s i n c e  d p / d t  = 0 i s  
t h e  a: igular  v e l o c i t y  of t i l e  w h e e l ,  lrhicli i s  c o n s t a n t .  . 

T h e r e f o r e ,  me have:  

F,, the nori-la1 conponeilt  o f  V ,  
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F t ,  t h e  t a n g e a t i a l  co rqoasn t  o f  V, 

a, t h e  a i ig le  foriiled bg t h e  norinal of t l ie  t r a j e c -  
t o r y  v i t h  t h e  v e r t i c a l ,  \ .  

s ,  t o t a l  s u r f a c e  of t h e  b l a d e s .  

Supposing t h a t  Fn, F t ,  and $ ,  t h e  angle o f  t l ie 
v e c t o r  V w i t h  t h e  h o r i z o n t a l ,  a r e  1:now:i: t h e n  i t  i s  
e a s y  t o  o b t a i n  t h e  v e r t i c a l  aild h o r i z o n t a l  coxpone3 t s  o f  
t h e  r e s a l t a n t  which we d e s i g n a t e  by P and  T ,  r c s p e c -  
t i v e l y .  

T = - F, s i n  C? 4- F t  cos  T 

P i s  t h e  l i f t  and  T t h e  d i f f e r e i i c e  between t h e  t h r u s t  
axd  t h e  drag.  When t h e  h o r i z o i i t a l  s p e e d  of tlie a i r c r a f t  
i s  c o n s t a n t ,  wha teve r  i t  may b e ,  T i s  o b v i o u s l y  zero. 

By r e s o l v i r , g  ( 5 )  w i t h  r e s p e c t  t o  Fn and  F t ,  w e  
h a v e  

Fn = P C O S  Cp - T s i n  3 

F t  = P s i n  7 f T c o s  ‘9 

w2icli ,  f o r  t h e  case  of un i form s p e e d ,  i s  r educed  t o  

F, = P c o s  9 

5 

As t o  t h e  d i r e c t i o n  o f  f l i g h t ,  i t  i s  dependent  o n l y  
ozi Fll aild F t  as t h e s e  e q u a t i o n s  show. I n  o r d e r  t o  f i n d  
whe the r  one can  f l y  i n  ally d i r e c t i o n  w h a t s o e v e r ,  i n  t l e  
v e r t i c a l  p l a n e  vrith such  a i r c r a f t ,  i t  s u f f i c e s  t o  s h o w  
t h a t ,  i n  e q u a t i o n s  (3 )  and (4) by t a k i n g  f o r  C, a c e r -  
tail1 f u n c t i o n  o f  a ,  038 carr g i v e  Fll a:id F t  t h e  d e s i r e d  
v a l u e s .  

B u t  f i r s t  me g i v e  t h e  t e rn  of t h e  a e r o d y n a n i c  speed  
W as  a f u n c t i o n  o f  t h e  b l a d e  s e t t i n g .  V i t l i  p as  t h e  
radius moving from t h e  i n s t a n t a n e o u s  c e n t e r  o f  r o t a t i o n  I 
o f  a b l a d e ,  i t  i s  r e a d i l y  seen that  s p e e d  W, t a n g e n t i a l  
t o  t h e  b l a d e  t r a j e c t o r y ,  i s :  
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( p  n u e t ' x o t  be co2fused  w i t h  t h e  d e n s i t y )  

Fu r the rmore ,  l e t  r be t h o  radius  o f  t l i e  r o t o r  aiid 
R t 3 e  r a d i u s  o f  t h e  wheel .  W e  c a l l  

Vr = CL: R t h e  s p e e d  of t h e  'olades i n  tLe  r c l a t i v e  
. -  motion ,  

sild V = W r t h e  nean  speed  o f  t h e  a i r  p a s s i : i g  t h r o u g h  
t h e  wheel ,  as deI"iiied above.  

These d a t a  f o r t h w i t h ,  g i v e :  

w2 = Vr2 + v2 -t- 2 v V r  C O S  8 
a 2 e i c e  V r  a n d  V a r e  c o n s t a i l t s  for a g i v e n  f l i g h t  a t t i -  
t u d e ,  f.3 3ei i lg  tLe  only v a r i a b l e .  

The mean o f  W2 d u r i n g  one tnr:- m i l l  be 

2 Wm2 = vr -t- V2 

a n d  W v a r i e s  between t l i e  maxiuum aiid miiiimun l i m i t s  

V r  + V a:id V r  - V ,  

Iil tile i n t e g r a l s  of P, a c d  F t  ( ( 3 )  a:id (4)). p ,  
2 s ,  ar'.d W a r e  a lways  p o s i t i v e  d a t a ,  such  t h a t  t k e  v a l u e  

o f  t h e s e  i n t e g r a l s  depend p r i i a a r i l y  011 t h e  p r o d u c t s  C, 
C O S  CL a:ld C, s i n  a and on t h e  s ig i l  of t h e s e  p r o d u c t s  
i r i  t:ie i n t e g r a t i o n  i n t e r v a l  ( d i s r e g a r d i n g  f o r  a nonelit  t h e  
t e r n  C,) . 

.. 
Supposi:ig Oiie w i s h e s  t o  p r o d u c e  o n l y  t h e  f o r c e  rll: 

i n  wliick c a s e  i t  i s  obv ious  t h a t  no  r i a t t e r  what t h e  l a w  
o f  v a r i a t i o n  o f  C,  as f u n c t i o n  o f  a, t o  i n s u r e  naxinun 
i i ? t e g r a l ,  t h e  p r o d u c t  C ,  cos  a u u s t  a l n a y s  have  t h e  sane 
sigii .  Thus C ,  becomes p o s i t i v e  or n e g a t i v e  a t  t h e  s a n e  
tinlo a s  c o s  a. Such a l a w  can  be  r o a l i z e d  by p u t t i n g  

C, = a c o s  a - .  

w h e r e  a i s  a ' c o i i s t a n t .  

. .  
I .  
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One C a l i  a l s o  nake .C, = a l  c o s 3  c; o r  t h e  s u n  of a 
s e r i e s  of uneveii power t e r n e  o f  c o s  a ,  t e r n s  which equal -  
l y  cliange s i g n  w i t h  c o s  a. 3ut ,  wken i n t e g r a t i n g ,  i t  i s  
s e e n  t h a t  w i t h  C, = a cos a t3,e i n t e g r a l  bocones r-iaxinur.i* 

If i t  i s  d e s i r e d  t o  p roduce  F t  a l o n e ,  t h e n  t h e  > r o d -  
u c t  C, s i n  a nust r e t a i n  t h e  s a x e  s i g n  ai;d one  i s  l e d  
t o  nake  C, = . b  s i n  a ,  ’ e t c .  : 

Consequen t ly ,  t o  p roduce  a force i 2  G i r e c t i o n  K ,  me 
nak e 

C, = A C O S  ( G  - K) 

o r  C, = a c o s  a 4- b s i n  a 

A and  K. b e i n g  p a r a n e t e r s  and a = A c o s  K b = A s i n  K. 

By cha;igfilg t h e  parar :e te rs  A and K, oi le  can  g i v e  t o  
a aiid b any d e s i r e d  s y s t e n  o f  v a l u e .  I t  i s ,  n o r e o v e r ,  
ill t h i s  t h a t  t h e  p i l o t i n g  o f  t l ie a i r c r a f t  C o D s i s t s .  Through 
i n t e r c o x i e c t e d  a.nd d i f f e r e n t i a l  c o n t r o l s  tho p i l o t  cail change 
t h e s e  p a r a n e t e r s  i n  each wheel. 

By i n t r o d u e i i i g  

2 m ”  = IT, + 2 v vr c o s  @ 

sild C, .= a cos a + b s in  a .  

in Fz ar,d Ft by e x p r e s s i c g  s i n  a a;id C O S  cc as fuac- 
t i o n  of s i n  a i d  c o s  f3 
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T o  e x p r e s s  C, i n  t h e s e  fornulas ,  w e  p u t  

cx = c,, 4- ;%- C Z 2  

rrliere h = a s p e c t  r a t i o  of a i r f o i l  and  Cx0 - - a i r f o i l  d r a g  
a t  zero l i f t .  

According t o  t k e s e  f o r m u l a s ,  F, a p p e a r s  t o  depend 
p r i m a r i l y  O i l  a and Ft on b, a n d  by chang ing  t h e s e  co- 
e f f i c i e n t s ,  t k e  c o i q o n e n t s  - F, and  F t  ’ can  be v a r i e d  
( f i g .  2 ) .  The n a t u r e  of t h e  a a n d  b c o e f f i c i e n t s  i s  
r e a d i l y  d e t  e r n i n e d .  

We u s e d  t o  p u t  C, = A cos  ( a  - x ) ,  s o  t ha t  C, max- 
i c u n  = A; A i s  t h e  n a x i n n n  o f  C, dur i i ig  one r o t a t i o n .  

But,  a s  a l r e a d y  p o i n t e d  oqt, A i s  a v a r i a b l e  param- 
e t e r ,  be ing  a b l e r t o  assume any v a l u e  between z e r o  and  C, 
r-iaximun o f  t h e  p o l a r  o f  t h e  er-iployed a i r f o i l .  

Thus we have:  a = C, nax c o s  I, 

b C, nax sin x. 

3j; 1 i i . i i t i n g  o u r s e l v e s  t o  t h e  p r i n c i p a l  t e r n s  i n  ( ? ) ,  
i t  becones 

!?. a 
2 2 Fn = s w,2 - 

( a  value i n f e r i o r  t o  r e a l i t y  s i n c e  t h e  p o s i t i v e  t e r n s  a r e  
bei i ig  d i s r e g a r d e d )  ; 

4 

. I  . ,  
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P 2 b  F t = - s W m  - 2 2 

( a  value  s u p e r i o r  t o  r e a l i t y ,  where a and  b a r e  d i v i d e d  
by 2 ) .  

2n 
P u t t i n g  Cz mean - - 2 -1- ,-, J a cos2  ,a d a 

we f i n d  t h a t  

d u r i n g  one c y c l e ,  which f o r  conven ience  i s  d e s r g n a t e d  
by c z *  

Xow m e  have :  

9 P 3% = - s vm2 c Z  s i n  K 2 

To d e t e r m i n e  l i f t  P in f l i g h t  w i t h  u n i f o r m  speed  
b u t  l o r  any f l i g h t - p a t h  d i r e c t i o n ,  we s imply  w r i t e  t h e s e  
v a l u e s  o f ,  F, and F t  i n  f o r m u l a s  (5) :  

s c Z  ( c o s  K c o s  w c s i n  K s i n  c p )  P p = -  
2 

and ,  t h e  s p e e d  b e i n g  un i fo rm,  

T = o = E!. s wm2 cZ (- c o s  IC s i n  CQ -I- s i n  IC c o s  9 ) .  
2 

The l a s t  o p e r a t  i o n  y i e l d s :  

sin Q - sin K _____ - 
c o s  Q cos IC 

mlience p = K ,  and  by adding  t h i s  r e s u l t  i n  t h e  f i r s t ,  i t  
b e c  orne s 

P 2 P = 2 s c z  

T h i s  for inula  i s  i d e n t i c a l  i n  form t o  t h a t  o f  a n  a i r -  
p l a n e  f l y i n g  a t  h o r i z o n t a l  f o r n a r d  s p e e d  Wm, b u t  u t t e r l y  
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u n l i k e  as t o  i n t e r F r e t a t i o n  f o r  a mhce l ,  s i n c e  

wU' = V r 2  + v " ,  (10)  

t h e  sum o f  t h e  s q u a r e s  of t h e  t i p  s p e e d  of t h e  b l a d e s  and 
o f  t h e  v e l o c i t y  o f  t h e  a i r  p s s i n g  t h r o n g h  t h e  wheel.  

I n  a whee l ,  f o r u u l a s  ( 9 )  and  (10 )  h o l d  good f o r  e v e r y  
s t r a i g h t  f l i g h t  p a t h ,  t h e  v e r t i c a l  i n c l u d e d ,  s i n c e  we have  
inposed  no c o n d i t i o n  on c p .  Be i t  n o t e d  t ha t  p a r a m e t e r  
A w a s  supposed  t o  be p o s i t i v e ,  The r e s u l t  of maki;ig i t  
n e g a t i v e ,  which i s  p o s s i b l e ,  i s  t o  o r i e n t  t h e  r e s u l t a n t  o f  
t h e  vlieel toward  t h e  ground. A s h o u l d  be p o s i t i v e  t o  in- 
s u r e  a l i f t .  

The e r l aa t ion  K r: Cp p e r m i t s  t h e  i d e p t i f i c a t i o n  of K 
w i t h  the  angle + o f  t h e  f l i g h t  d i r e c t i o n  t o  t h e  h o r i z o n -  
t a l .  To change t h i s  d i r e c t i o n  t h e  p i l o t  changes K with-  
o u t  rnodifying A .  The change i n  A i s  no t  p r e s c r i b e d  ex- 
c e p t  w i t h  t h e  cllaizge of weight  P ,  o f  t h e  a i r c r a f t .  

3 y  t h i s  s i m p l e  argument o f  l i m i t a t i o n  t o  t h e  p r i n c i -  
22.1 trrms i n  F, and  F t ,  we u n d e r e s t i m a t e d  Fn and  
o v e r e s t i m a t e d  F t ,  s o  tha t  i n  r e a l i t y  t h e r e  i s  a c e r t a i n  
d i f f e r e n c e  between K. and Cp and a c e r t a i n  v a r i a t i o n  t o  be  
g i v e n  t o  A m';ien Cp i s  changed,  but  i t  i s  a p p a r e n t  t h a t  
t h e  p i l o t  r e n a i n s  m a s t e r  o f  t h e  r e s u l t a n t  of t h e  wheel 
i n  magnitude and  d i r e c t i o n .  

The e s s e n t i a l  c o n d i t i o n  i n  a n h e e l  f o r  o b t a i n i n g  a 
s i g n i f i c a i t  and  s t e e r a b l e  r e s u l t  i s  o b v i o u s l y  t h a t  t h e  
vrheel n u s t  t u r n .  The r o t a t i o n  i s  o b t a i n e d  by xeans  O f  a n  
eiigiilo which ,  however ,  may a c c i d e n t a l l y  s t o p .  And t h e n  
t h e  q u e s t i o n  a r i s e s  as  t o  whe the r  t h e  wheel  i s  c a p a b l e  o f  
a i l t o r o t a t i o n  i n  v e r t i c a l  d e s c e n t  w i t h o u t  power,  

T O  e x p r e s s  t h i s  p o s s i b i l i t g  i n  m a t h e m a t i c a l  fo rm,  we 
w r i t e  t he  formula of t h o  meaxi moment o f  t h e  f o r c e s  O i l  t h e  
b l a d e s  w i t h  r e s p e c t  t o  t h e  mheel c e n t e r  0. The f o r c e s  
on  one b l a d e  a re :  

e s w2 C, and e n W "  C, 
2 2 

R i l d  t h e i r  nor-lent: 

. 
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.I where r = r ad ius  of r o t o r ,  R = r a d i u s  o f  t h e  w h e e l ,  and  
e = r / R .  

R e s t r i c t e d  t o  t h e  p r i n c i p a l  t e r n s ,  t h e  i n t e g r a t i o i  
g i v e s  

Another  more p r e c i s e  t e r m  of t i l e  moneiit i s  o b t a i z e 4  
by  f i r s t  t a k i n g  t h e  moment with r e s p e c t  t o  t h e  i n s t a a t a -  
neous  c e i t e r  o f  r o t a t i o n ,  I ,  t h e n  addi i lg  t h e  rnome:it with 
r e s p e c t  t o  0 on t h e  b l a d e  a p p l i e d  a t  I .  

d e f  iiiit i o i i  ( s e e  ( 4 ) ) :  

27-r 
F S  F t  = --- f W' (c, s i n  CI - CX c o s  a) d p l  
417 o 

V i t h  t h i s  (13) t h e  power formula i s  r e a d i l y  
277 

p, = 0 = -_-- p S /  W 3 C x + V F t  
4 ~ 0  

s i i i c e  w r = V and o p I= W .  

o b t a i n e d :  

I n  t h i s  f o r m u l a ,  v a l i d  f o r  n o  m a t t e r  w h a t  p r o p e l l e r ,  
i t  i s  r e a d i l y  s e e n  h o w  the  p o w e r  i s  made up. The te rm iil 

C, r e p r e s e n t s  t h e  power absorbed  by t h e  d r a g  of t h e  b l a d e s  
a c c o r d i n g  t o  t h e  t r a j e c t o r i e s ,  s n d . t l i e  p r o d u c t  V Ft i s  
t h e  e f f e c t i v e  o r  a c t i v e  power o f  p r o p u l s i o n .  
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Conformable t o  t h e  a d o p t e d  n o t a t i o n  t h e  l a t t e r  i s  
p o s i t i v e  when V and Ft; a r e  of .  o p p o s i t e  d i r e c t i o n s .  
V?lie;i F t  and V a r e  i 3  t h e  same d i r e c t i o n  i t  i s  n e g a t i v e  
a-ld, w!leil. t h a t  o c c u r s ,  Pm may c a n c e l  o u t  , a n d  become neg- 
a t i v e .  Then t l ie  a i r c r a f t  s u p p l i e s  p o w e r  t o  t h e  e n g i n e ,  
o r ,  i f  w i t h o u t  p o w e r ,  a c c e l e r a t e s  t h e  r o t a t i o n  o f  t h e  
wheel .  Iii forriiula ( 7 )  for F t ,  i t  i s  s e e n  t3a.t i t  becomes 
;:egative f o r  n e g a t i v e  b, s o  t h a t  F t  f o r c e s - o f  n e g a t i v e  
sigzl can be produced.  When Pm i s  n e g a t i v e  f o r  a c e r t a i i l  
wheel. speed - t h e  engi i ie  b e i n g  o u t  - o f  g e a r  - t h e  speec?. of 
r o t a t i o n  o f  t h e  mkecl' i n c r e a s e s  u i l t i l  P, ca i i ce l s  out .  
Z O R ,  w e  h a v e  t h e  e q u a t i o n  Pm = 0 Mo. A s  0 i s  by assump- 
t i o i  o t h e r  t h a n  z e r o ,  w e  have  Ido = 0 .  With t h i s  e q u z t i o n ,  
t h e  va lue  05 b ,  g i v i n g  t h e  s p e e d  af a u t o r o t a t i o n  d e s i r e d ,  
caii b o  conputcd .  

Reducing (11) t o  r e a d  ' 

- F  a , b  v M, -- - s VIil B (; ;- +' Cx)  = ,O 
/ 2 r 

t i l o  a u t o r o t a t i o n  f o r  a c e r t a i n  'given speed  ' ,Y /Vr  t a k e s  
p l a c e  wken 

R Y  d e f i n i t i o n ,  = !-K.-.F+z s i n  K = cZ s i n  K .  ('See equa- 
2 2 

t i o n  ( 8 ) J  

S o l u t i o n , o f  K :  111 v e r t i c a l  d e s c e n t ,  we have  9 = - 
g o o ,  and e q u a t i o n s  (6) g i v e  

F, = 0 F t  = ' -  P .  
. .  . 

3 u t ,  vrhon Fn = 0 ,  i t '  i s  a l s o  n e c e s s a r y  t h a t  EL = 0 = C, 
c o s  K ,  wiience we deduce K = * g o 0 ,  s o  tliat s i n  K =: 5 i. 
o f  which i t  iiiust t a k e  t i l o  x i n u s  
( f i t ; .  x). We ]lave a l r e a d y  seen  
t i i i g  o f  a l m o s t  i d e n t i c a l  a i lg les  
-' c, ,  6'0 t ha t  ' ( ' I S )  ::om becomes 

s i g n  because  (3 i s  n e g a t i v c  
t h a t  K and cp h a v e  a s e t -  
a n d ,  i n  tliis c a s e  b/2 = 

--_ v 
o r  
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which r e p r e s e n t s  t h e  optii:mm r a t i o  betrreeii V aiid V r  
f o r  a u t o r o t a t i o n  i n  v e r t i c a l  dcsce i i t  v i t ' nou t  porrer ( f i g .  4) .  

A d n i t t e d l y ,  t h e r e  a r e  t r a j e c t o r i e s  f o r  a u t o r o t a t i o n  
i n  d e s c e n t  o t h e r  t h a n  v e r t i c a l .  

We have  s e e n  t i a t ,  t o  reiic?er t l ie  wheel  g e i i e r a t r i x  o f  
t h e  power and  t o  o r i e i i t  F t  is t h e  szrfle di .rectj .oii  as  V, 
s t i p u l a t e s  t w o  c o n d i t i o i i s  f o r  a u t o r o t a t i o n  i n  g l i d i n g  
f l i g h t ;  i t  s u f f i c e s  t o  make p a r a u e t e r  b i i ega t ivc .  

S i n c o  b -- A s i n  K, nh i ch  i s  o b t a i n e d  1;' taki:ig K 
betiwee2 IT aiid 217 i n  a c e r t a i n  zone ,  i t  f o l l o w s  t'lat 
t h e  v a l u e s  which a = A c o s  K may assume a r e  p o s i t i v e  o r  
n e g a t i v e  a c c o r d i n g  t o  wlietlier K l i e s  between 3 rr/2 and  
277 o r  between rr and 3 rr/2 and ze ro  f o r  K = 3 rr/2. 
Thus i t  i s  a p p a r e n t  that t h e  c o n d i t i o n  where b i s  nega- 
t i v e  does n o t  preve l i t  t h e  p r o d u c t i o n  of a p o s i t i v e  o r  n e p  
a t i v e  F, corJpoiient , which p e r m i t s  o b l i q u e  d e s c e n t  iii 
f o r n a r d  f l i g h t  o r  backward f l i g h t  ( f i g .  5 ) .  

All o f  t h e  fore;;oing f o r r m l a s  c o n t a i n e d  t h e  unknown 
v e l o c i t y  of  t i ie  a i r  passi : ,g  t h r o u g h  t h e  m:!.eel. T h i s  ve- 
l o c i t ; ?  c a n  be  deteri;li:ied by nearis of t-leoi-erns of moneiituljl 
a a d  k i i i e t  i c  eiiergy. 

Le t  u s  r e s o l v e  V f o r  a i;iven c a s e  of t h e  aerodynam- 
i c  r e s u l t a n t  of t h e  wheel  o r  mileels R a n d  ail i n f i n i t e  
v e l o c i t y  V, ( a b s o l u t e  s i ~ e e d  of t:ie a i r c r a f t  n i t h  t h e  
e x c e p t i o n  o f  t h e  s i g n ) ,  i 1 O  m a t t o r  which. L e t  M = p S V 
be  t i ie  a i r  Iilass p a s s i n g  tk rougk  t h e  wLeel p e r  scco;id. T o r  
b r e v i t y ,  we u s e  v e c t o r s .  A dash  o v e r  a l e t t e r  d e n o t e s  a 
v e c t o r .  

- The v e l o c i t y  a t  i n f i n i t y  w i t h  r e s p e c t  t o  t 3 o  n i e e l s ,  
i s  VI. Upon g a s s i i i g  i a t o  t h e  mlieel a s  a. r e s u l t  o f  t h e  
r e s u l t a a t  R ,  t h e  speed  i s  V and t h e  p r e s s - i r e  i s  in- 
c r e a s e d .  Upstream, n l ie re  t h e  p r e s s u r e  '-?as become i iorna l  
a g a i n ,  t h e  s p e e d  i s  V,.  

-- 

- 

The a p p l i c a t  i o i i  o f  t h e  nlome-r,tum t h e o r e n  g i v e s  

The r i s e  of k i n e t i c  energy p e r  second deno ted  by 
Fu ,  i s  
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v - v12 pu = M -2-------- 
2 

- but t h i s  power e q u a l s  t h e '  w o r k  p e r  s econ  
R ,  whence 

f t h e  r e s n l t a n t  

- Pu = y, t h e  s c a l a r  prodi lc t  o f  R a n d  v ( c )  

. .  
Fcrmula (b) may be r e m r i t t e n  as  

( s c a l a r  p r o d u c t ) .  

This  fo rmula  and  ( c )  r e v e a l  tha t  

CE-VL-k -Zl 
2 

- - - 
which e n a b l e s  us  t o  d e t e r m i n e  V when V, and  V, a r e  - 
giveil .  v,  i s  lc i iowi i  f rom t h e  s p c e d  i n d i c a t o r ,  whereas  V 
i s  unlrnoxn. 

We d e t e r m i n e  V by means o f  (a), which g i v e s  
- 

which ,  w r i t t o n  i n  ( d ) ,  becomes 

( 4 - 7. 

R = 2 M (? - VI), 
d 

aci equation w i t h  o n l y  one unknonn V ,  which can  be r e s o l v e d .  
- 

When V, i s  h o r i z o n t a l ,  f o m L j a l a  ( c )  y i e l c l s  fcrthlgith, 
P -2 2 Id V W ,  Vv b e i n g  - t h e  v e r t i c a l  ccr:>~oilellt o f  V ,  F t h e  
v e r t i c a l  component o f  R .  

P = 2 N V = 2 p S V2, wherefrorn 

- 
When V 1  = 0 ,  t h e  a i r c r a f t  h o v e r s ,  we h a v e  
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E q u a t i o n  ( e )  p e r n i t s  . the r e s o l u t i o n  o f  V i a  a l l  
c a s e s .  

The f o r e g o i n g  i s  thouGht t o  b e  a f a i r  o u t l i n e  o f  t h e  
g e n e r a l  p r i n c i p l e  and  e l e m e n t a r y  t n e o r y  o f  padd'la w:ieeLs. 

A r a t i o n a l  wheel i s  a r o t a r y  a i r f o i l  s y s t e r ~  proRuc- 
i a g  a f o r c e  r e s t r a i n e d  i n  i t s  p l h n e  of r o t a t i o n , ' w L i c b  i s  
t h e  p l a n e  a t  r i g h t  a i lg l e s  t o  t h e  e v o l u t i o i l s  o f  t 3 e  air- 
c r a f t .  I t  i s  from t h i s  f a c t  that enornoas  p r a c t ' i c a l  v a l -  
ues  a p p e a r  which p romise  a more g e n e r a l  a p p l i c a t i o n  o f  
a v i a t i o n ,  p a r t i c u l a r l y  o f  p r i v a t e l y  owned a i r c r a f t :  l i f t  
independei1t of t h e  s y e e d ,  v e r t i c a l  c l i m b ,  g r e a t  r.ia;ieuver- 
a b i l i t y  aiid s t a b i l i t y  ( a c c o r d i l i g  t o  a n a l y s i s  and  mind- 
tu ix ie l  t e s t s ) .  The p r i v a t e  Omiler wonld 110 lo i lger  be di.s- 
t u r b e d  abou t  ground c o n d i t i o n s ;  b e s i d e s ,  b e i n g  a b l e  t o  
h c v e r  a s  long as  d e s i r e d ,  lie n e e d  no l o n g e r  f e a r  t h e  fog .  

T r a i s l a t i o n  by J ,  V a x i e r ,  
Ba t i o  iial A dv i s o r y  C o I m i  t t e e 
f o r  A e r o n a u t i c s .  
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LEGENDS 

FIGURE 1 .---ingle of i n c  i d e a  ce . 
FIGURE 2.-Eotor ro t a t ion .  

FIGURE 3 , - P a l a r  iin a u t o r o t a t i o n  as o b t a i n e d  w i t h  model; 

t ha t  t h e  minimum s l o p e  o f  g l i d i n g  i n  t h i s  c a s e  i s  ab0u.t 
s h o u l d  b e  b e t t e r  i n  f u l l - s c a l e  m o d e l .  N o t e  

450. 

.FIGVEE .$.-Lift  and horsepower  cu rves  i n  f l i g h t  w i t h  con- 
s t a a t  engine  speed.  

FIGUBE 5 , - I l l u s t r a t i o n  showing g l i d i n g  f l i g h t  i n  t h r e e  
d i f f e r e n t  c a s e s  . 

S i n i l a r  Paddle-Wheel S y s  t ens 

FIGUliE 6.-The R o t a l i f t  of t h e  Hol land  e n g i n e e r ,  W. P. Van 
Lammeren; equipped  w i t h  Cirrus f4k. 11, i t  i s  a l -  

l e g e d  t o  have  produced  a l i f t  of 770 kg (1 ,697 .6  lb.). On 
a n o t h e r  m o d e l  a l i f t  o f  1 6 5  kg (363.8 l b . )  was s a i d  t o  
h a v e  been  o b t a i n e d  w i t h  1 4  hp., a t i p  speed  of 1 9  m/s 
( 6 2 . 3  f t . / s e c . ) ,  a a d  a 1 6  kg (35.3 13.) l o a d  p e r  u n i t  o f  
s u r f a c e .  

F1GUZ.E 7.-Fhotograpli o f  the raodel .  

FIGTJaE 8 . -Xah  c g c l o g i r o .  The e n g i n e  i s  a 240 lip. Wright 
Vh i r  1 w  ind .  

F IGURE 9.-I,!odel Llount ed on c a r r i a g e  a t  Sa in t -Cyr .  

FIGUZE 1 0 . - F u l l - s c a l e  t e s t  a t  Brgen teu - i l .  ( L i o r e '  e t  O l i -  
v i e r . )  

FIGURE 11.-View of comple t e  a i r c r a f t .  

FIGURE 12.-Nodel wheel  t e s t e d  a t  S a i n t - C y r ;  p a r t  o f  hub 

c o i l t r o l  nechanism i n  E e u t r a l .  
removed sbowing t h e  i n c i d e n c e  ( f e a t h e r i n g )  

P I G U R E  13.-In p o s i t i o n  of combined t h r u s t  and  l i f t .  
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FIGU:,ES 14-22.-Yigures 14-19 show d e t a i l s  o f  t l ie  P l a t t  in- 
v e n t i o n ,  t e s t e d  i n  t h e  wind t u n n e l  o f  t h e  

U a s s a c h u s e t t s  I n s t i t u t e  o f  Technology,  a t  t h e  D a n i e l  Gug- 
g e n h e i n  Schoo l  f o r  B o r o n a u t i c s ,  and  a t  Laag ley  F i e l d ,  A 
p h o t o g r a p h  o f  t h o  lu'ew Y o r k  U n i v e r s i t y  rnodcl i s  shomr o n  
t l i e  r i g h t .  

F i g u r e s  23-22 s k o w  d e t a i l s  o f  t h e  L a s k o v i t z  
p a t e n t .  Note t h a t  a s i n g l e  e c c e n t r i c ,  SUC!~ a s  i s  employed 
here, i s  n o t  s u f f i c i e n t  t o  i n s u r e  c o r r e c t  c o n t r o l  o f  f e a t h -  
e r i i l g .  S t r a n d g r e n l s  p a t e n t s  a n t e d a t e  a l l  t h e s e  p a t e n t s .  
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Figure 7.- Model of a 
Cyclogiro. 
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